We have developed novel bioresorbable ¢-tricalcium phosphate (¢-TCP) cements on the basis of chelate-setting mechanism of inositol phosphate (IP6). The starting cement powders (IP6/¢-TCP powders) were prepared by surface-modifying ¢-TCP particles with IP6. The cement specimen was fabricated by mixing the IP6/¢-TCP powder in pure water at desired powder/ liquid ratios, and examined the effects of powder properties of the IP6/¢-TCP powder on the mechanical strength (compressive strength) of the cement specimens. We focused on the crystalline phase, particle size, specific surface area (SSA), and crystallite size among powder properties. The crystalline phase of resulting cement specimen was ¢-TCP single phase or mixture of ¢-TCP and calcium-deficient apatite (CDAp). The ¢-TCP cement with compressive strength of 13 MPa was fabricated from the finelyground ¢-TCP powders prepared by ball-milling commercially-available ¢-TCP powder for 4 h using zirconia beads with 10 mm in diameter. Meanwhile, the ¢-TCP/CDAp biphasic cement had maximum compressive strength of about 23 MPa among the examined cement specimens, it was fabricated from the ball-milled commercially-available ¢-TCP powder for 3 h using zirconia beads with 10 mm in diameter, and then for 3 h using zirconia beads with 2 mm in diameter. In order to make the determining factors of the compressive strength clear, we examined the relationship between powder properties (particle size, SSA and crystallite size) and compressive strength. The strength of the IP6/¢-TCP cement was not dependent on the particle size of the IP6/¢-TCP powder; meanwhile, the strength was enhanced with increasing SSA and decreasing crystallite size. Thus, the IP6/¢-TCP powder with higher SSA and smaller crystallite size may be useful in the fabrication of chelate-setting ¢-TCP cement with enhanced mechanical properties.
Introduction
Bioceramics, such as hydroxyapatite [Ca 10 (PO 4 ) 6 (OH) 2 ; HAp] and ¢-tricalcium phosphate [¢-Ca 3 (PO 4 ) 2 ; ¢-TCP], are currently used as a filler for bone grafting. They are known to be biocompatible and osteoconductive. 1) The HAp ceramics have been clinically used as dense blocks, porous ceramics, granules, and cements. 2) Especially, the cements have an advantage that the users can form bones of desired shapes for surgical operation.
In the mid-1980s, Brown and Chow have developed calciumphosphate cement (CPC) with acceptable mechanical properties for orthopedic and dental applications. 3) In general, the CPC consists of two kinds of calcium-phosphate powders: acidic dicalcium phosphate anhydrate (CaHPO 4 ) and basic tetracalcium phosphate [Ca 4 O(PO 4 ) 2 ]. 4),5) These powders are mixed with suitable solvents, such as aqueous organic acid, to change into the HAp phase in setting. Apelt et al. have reported that the HAp cement is stable in a host body for a long time. 6) A potential limitation of the HAp as bone graft substitutes is its low solubility 7), 8) and slow resorption in vivo. 9)12) Meanwhile, ¢-TCP has an excellent biocompatibility and biodegradability when filled in the bone defect. 13)20) Until now, block and granular forms of ¢-TCP have been used in a clinical application. However, it is difficult in some cases to fill irregularshaped bone defects with block and granular forms of ¢-TCP. Komaki et al. have reported that a paste-like granular ¢-TCP and collagen composite is suitable for defects of any shapes. 21) However, these composite materials may not have enough mechanical strength for clinical uses.
One of the present authors (M.A.) and coworkers have previously prepared novel CPC cements by use of a chelating agent inositol phosphate [C 6 H 6 (OPO 3 H 2 ) 6 ; abbreviated as IP6, hereafter]. 22) The IP6 has a strong chelating ability to Ca 2+ like ethylenediaminetetraacetic acid (EDTA). The HAp particles are surfacemodified with the IP6 by chelating in pure water to form cements without the acidbase reaction above mentioned. 23) Kida et al. 24) have shown that the IP6/HAp cement has non-cytotoxicity in vitro and that the bone-forming ability in vivo is comparable to the commercially available CPC (Biopex µ -R; HOYA, Japan); Biopex µ -R is well-used in the orthopedic surgery in Japan. This chelate-forming ability by IP6 may be applicable also to ¢-TCP.
The main aim in the present study is to fabricate biodegradable cement containing ¢-TCP as the main crystalline phase which is combined with the surface-chelating IP6. For this purpose, we have clarified particularly the effect of such powder properties on the compressive strengths of the cement, as crystalline phases, morphology, particle-size distribution, specific surface area, and crystallite size of the starting ¢-TCP powder.
2. Experimental procedure 2.1 Preparation of the ball-milled ¢-TCP powder as the starting material for cement fabrication ¢-TCP powder was purchased from Taihei chemical Industrial Co., Ltd. (¢-TCP-100; Japan). The as-received ¢-TCP powder was ground using a planetary ball mill under the following conditions: zirconia pot, zirconia beads of 2 and 10 mm diameter (hereafter, abbreviated as mmº for the unit of diameter), 10 g of ¢-TCP powder, 40 cm 3 of distilled water, and 300 rpm (Pulverisette 6, Fritsch; Germany). The slurry after ball-milling was freeze-dried for 24 h to prepare the finely-ground ¢-TCP powder. Table 1 gives the ball-milling conditions, together with the abbreviations for the ball-milled sample powders.
Firstly, as-received ¢-TCP powder was ball-milled for 0, 4, 6, and 12 h using zirconia beads of 10 mmº to prepare the finelyground powders: ¢-TCP-0h, ¢-TCP-4h, ¢-TCP-6h, and ¢-TCP-12h, respectively. In another trial, as-received ¢-TCP powder was ball-milled for 3 h using zirconia beads of 10 mmº, and then for 3 h using zirconia beads of 2 mmº; hereafter, this finelyground sample powder is named "¢-TCP-3h+3h".
Surface modification of the ball-milled ¢-TCP powder with IP6
The IP6 (50% phytic acid; Wako, Japan) solution with concentration of 3000 ppm was prepared, adjusting to pH 7.3 using aqueous NaOH solutions (0.1 mol·dm ¹3 ). The obtained ball-milled ¢-TCP powder (10 g) was added into the 3000 ppm IP6 solution (400 cm 3 ), and then stirred at 400 rpm for 24 h. After that, the slurry was freeze-dried for 24 h to prepare the ¢-TCP particles surface-modified with IP6 (hereafter, abbreviated as IP6/¢-TCP), as given in Table 1 .
Characterization of ball-milled ¢-TCP powders with or without IP6 surface modification
An X-ray diffractometer (XRD, MiniFlex, Rigaku; Japan), equipped with a Cu K¡ radiation source, was used for the measurement of powder diffraction pattern. Data were collected in the range of 2ª = 1050°with a step size of 0.04°and counting time of 4 s/step. The crystalline phase was identified by means of the JCPDS reference patterns for ¢-TCP (#09-0169) and HAp (#09-0432).
Typical peaks of ¢-TCP (2ª = 31.02°) and HAp (2ª = 31.77°) were used for estimating the HAp contents in the ball-milled ¢-TCP powder. The HAp content was calculated by Eq. (1):
where I ¢-TCP(t) and I HAp(t) were the diffraction intensities of peaks of ¢-TCP and HAp in the ball-milled powder for duration t, respectively. The analysis of the crystallite size of the ¢-TCP has been done for all samples using the Scherrer's equation: 25) 
where K is the shape coefficient (K = 0.9), is the wave length ( = 1.5405 ¡), ¢ is the full width at half maximum (FWHM) of each phase, and ª is the diffraction angle. For this purpose, we chose the single peak of 29.6°, this peak correspond to the mirror index of (300). The morphology of the sample powders was observed by scanning electron microscopy (SEM, JSM-6390LA, JEOL; Japan) at an accelerating voltage of 10 kV.
The particle-size distribution of each ¢-TCP powder and IP6/ ¢-TCP powder was determined by a laser particle size analyzer (LA-300, HORIBA; Japan). After dispersing about 1 mg of the sample powders in 200 cm 3 of pure water by irradiating ultrasonic wave for 3 min, the samples were measured.
The specific surface area (SSA) of each powder was determined by the BET method (Flowsorb III, SHIMAZU; Japan). Each of 0.2 g ¢-TCP and IP6/¢-TCP powder was applied for the determination.
The surface charge of the ¢-TCP powder was examined by the laser Doppler velocimetry measuring the zeta potentials (ELS-6000, Otsuka Electronics; Japan). The measurement was carried out in 50 mM NaCl electrolyte solution adjusted to pH 7 using aqueous HCl solutions.
Fabrication of IP6/¢-TCP cements specimens
Each of 0.2 g IP6/¢-TCP powder was mixed with suitable amounts of liquid to fabricate the cement specimens having the cylindrical shape of 5 mm in diameter and of 7 mm in height. In the present work, pure water was used as a liquid for cement fabrication. The ratios of powder/liquid (P/L) were in the range of M p /V L = 1/0.10, 1/0.15, 1/0.20, 1/0.25 and 1/0.30 [g/cm 3 ]. Here, M p and V L refer to the mass of cement powder and the volume of liquid, respectively. The resulting cements were kept under room temperature in the air for about 24 h. Relative density of cement specimens was calculated from the bulk density divided by the theoretical density of ¢-TCP (3.07 g·cm ¹3 ) by Eq. (3).
Relative density ð%Þ ¼
Bulk density ðgÁcm À3 Þ Theoretical density of ¢-TCP ð3:07 gÁcm À3 Þ Â 100 ð3Þ
Mechanical property of the IP6/¢-TCP cement specimens
The cement specimens having a cylindrical shape of 5 mm in diameter and of 7 mm in height were used for a compressive strength test (AGS-J, SIMAZU AUTO GRAPH, SIMAZU; Japan). The crosshead speed was at 0.5 mm/min, and a load cell of 5 kN was used. Six cement specimens were tested to measure the average value and its standard deviation. 
3. Results and discussion 3.1 Changes in properties of ball-milled ¢-TCP powder before and after IP6 surface modification Figure 1 shows typical XRD patterns of ball-milled ¢-TCP powders before the surface modification with IP6. The XRD patterns of commercially-available ¢-TCP powder (¢-TCP-0h) showed the typical ¢-TCP single phase and high crystallinity [ Fig. 1(a) ]. The XRD patterns of the ¢-TCP powder ball-milled for 4 h (¢-TCP-4h) also showed the ¢-TCP single phase [ Fig. 1(b) ]. The ¢-TCP powder milled for 6 h (¢-TCP-6h) was mainly composed of the ¢-TCP phase, although the HAp phase was slightly mixed [ Fig. 1(c 
The peaks of the ¢-TCP powder decreased after ball-milling for 12 h (¢-TCP-12h), and the peaks of HAp increased [ Fig. 1(d) ]. Furthermore, when the commercially-available ¢-TCP powder was ball-milled for 3 h using zirconia beads with diameter of 10 mm and subsequently ball-milled for 3 h using zirconia beads with a diameter of 2 mm (¢-TCP-3h+3h), the crystalline phase changed from the ¢-TCP single phase to a ¢-TCP and HAp biphase [ Fig. 1(e) ].
These results indicate that the ¢-TCP single phase was maintained at least up to 4 h during ball-milling. On the other hand, ¢-TCP powder obtained by ball-milling for 6 h or longer consisted of the ¢-TCP and HAp biphase. These results are in good agreement with those of a previous report that ¢-TCP is transformed into calcium-deficient HAp (CDAp) by a mechanochemical reaction. 26) In other words, the HAp phase obtained from ball-milled ¢-TCP powders is CDAp. Tenhuisen et al. reported that the CDAp is biocompatible and bioresorbable. 27) Thus, the ¢-TCP/CDAp biphasic powders in the present study could also be assumed to be biocompatible and bioresorbable. Figure 2 shows the XRD patterns of ¢-TCP powders surfacemodified with IP6. A comparison of the XRD patterns shown in Figs. 1 and 2 demonstrates that no obvious changes in the crystalline phases could be detected after the surface modification. Table 2 lists the content of ¢-TCP and HAp in each powder with or without IP6 modification. The HAp content increased when the ¢-TCP powder was ball-milled for 6 h or longer. However, the HAp content after surface modification with IP6 was almost the same as that without surface modification; that is, the surface modification with IP6 did not cause significant changes in the content of the HAp phase ( Table 2) .
The particle morphologies of ¢-TCP powders before IP6 Figure 3 (a) shows that the ¢-TCP-0h powder was composed of sintered particles as well as irregular-shaped particles with microcrystals. The particle size decreased in the order of the ¢-TCP-0h [ Fig. 3(a) ], ¢-TCP-4h [ Fig. 3(b) ], and ¢-TCP-3h+3h [ Fig. 3(c) ]. The particle morphologies of the three kinds of ball-milled ¢-TCP powders after the surface modification were also observed [ Figs. 3(d) , 3(e) and 3(f)]. Figures 3(d) 3(f) reveal that the particle morphologies were not influenced by the surface modification. The powder properties, median particle size, SSA, and crystallite size, of the ¢-TCP powder before and after IP6 surface modification were summarized in Table 3 . Although the median particle size of commercially-available ¢-TCP powder was about 5¯m, that of the ball-milled powders decreased down to about 1.1 to 1.5¯m. The particle sizes of the surface-modified ¢-TCP powders were almost the same as the corresponding ones without surface modification. Figure 4 shows the particle-size distribution of typical IP6/ ¢-TCP powders. In Fig. 4(a) , the particle-size distribution of IP6/¢-TCP-0h was a broad profile in the range of 1 to 100¯m; however, the distributions of the IP6/¢-TCP powder with ballmilling were a narrow one in the range of 1 to 10¯m as shown in Fig. 4(b) 4(e). Especially, in the case of the IP6/¢-TCP-3h+3h powder, the median particle size of the IP6/¢-TCP powder was the lowest value among examined sample powders. These results of the particle-sizes distribution and median sizes well correspond to the particle morphologies observed by SEM.
As listed in Table 3 , the SSA of the ball-milled ¢-TCP powders before and after IP6 surface modification increased from 2.5 to 60 m 2 ·g ¹1 with prolonging the ball-milling time. The SSA of the ball-milled IP6/¢-TCP powder increased more than 20 times after 12 h of ball-milling. Especially, in the case of the IP6/¢-TCP-3h+3h powder, the SSA of the IP6/¢-TCP powder was the highest value among the examined sample powders. This result indicates that the milling-time seems to be effectively shortened by using zirconia beads of 2 mmº in place of 10 mmº in the course of the grinding. The SSA of the surface-modified ¢-TCP powders was almost the same as the corresponding ones without surface modification.
The crystallite size of the ball-milled ¢-TCP powders before and after IP6 surface modification is listed in Table 3 . The crystallite size was determined from (300) peak of ¢-TCP (2ª = 29.6°) on the basis of JCPDS card #09-0169. The crystallite size of the ball-milled IP6/¢-TCP powder decreased down 113 to 31 nm with prolonging the ball-milling time.
Especially, in the case of the IP6/¢-TCP-3h+3h powder, the crystallite size of the IP6/¢-TCP powder was the lowest value among the examined sample powders. This result of the crystallite sizes well-corresponds to the increase of the SSA of the ballmilled powders. Figure 5 shows changes in the zeta potential of ¢-TCP powders before and after the surface modification. For all the samples examined, the zeta-potentials after the surface modification significantly shifted to more negative values, whereas the zeta-potentials both of the un-modified and modified shifted to less negative ones with increasing SSA. These results also confirm that more chelate-bonding sites were provided with increasing SSA caused by ball-milling.
Fabrication of IP6/¢-TCP cements and some properties
In the light of the characterization results described in Section 3.1, we selected the following five kinds of typical ¢-TCP powders to fabricate cement specimens for compressive strength test: (i) ¢-TCP-0h, (ii) IP6/¢-TCP-0h, (iii) IP6/¢-TCP-4h, (iv) IP6/¢-TCP-12h, and (v) IP6/¢-TCP-3h+3h. Among five kinds of cement specimens, (iii) IP6/¢-TCP-4h specimen corresponds to the cement consisting of ¢-TCP single phase, and (v) IP6/¢-TCP-3h+3h one to the cement consisting of ¢-TCP and CDAp biphases and having the highest compressive strength (23 MPa) among the examined specimens, as described below. Figure 6 shows XRD patterns of cement specimens fabricated at a powder/liquid (P/L) ratio of 1/0.20 in g/cm 3 Fig. 6(d)] show the ¢-TCP and HAp biphase. These results indicate that the starting crystalline phase did not change after setting.
In the previous study, the HAp particles were surface-modified with IP6 (IP6/HAp), and then, the IP6/HAp particles were mixed with pure water to set via the chelate bonding of IP6 without acid-base reaction such as between acidic CaHPO 4 and alkaline Ca 4 O(PO 4 ) 2 . 22) In the present study, we have also demonstrated that this chelate-setting mechanism using IP6 can be successfully applied to ¢-TCP particles instead of HAp particles. Similarly, on the basis of the chelate-setting mechanism, biodegradable cement composed of ¢-TCP as the main crystalline phase can be developed. Figure 7 (A) shows the relationship between the compressive strength of the cement specimens and the P/L ratio. When the ¢-TCP-0h powder was used as the starting material, the strength of the IP6/¢-TCP-0h cement specimen was appreciably higher than that without IP6 surface-modification. The compressive strength of the cement specimen was enhanced using the ball-milled IP6/ ¢-TCP powders. Especially, in the case of the IP6/¢-TCP-3h+3h powder, the compressive strength of the IP6/¢-TCP cement was the highest value among the examined specimens.
The mechanical strength of ceramics including cements is dependent on the relative density, in other words, the porosity. Thus, we examined the relationship between the relative density of the cement specimens and the P/L ratio. The result is shown in Fig. 7(B) . It was confirmed that the compressive strength of the cement specimens was dependent on the relative density; the cement specimen with higher relative density had higher compressive strength.
These results suggest that the ability of IP6 to form chelate bonding may be effective for enhancing the mechanical property of ¢-TCP cement. Further, the compressive strength is in the increasing order of the cements of IP6/¢-TCP-0h, IP6/¢-TCP-4h, IP6/¢-TCP-12h and IP6/¢-TCP-3h+3h. The IP6/¢-TCP-3h+3h cement specimen (P/L ratio = 1/0.20 [g/cm 3 ]) had the highest compressive strength among all the examined specimens. . The IP6/¢-TCP-4h cement was composed of particles of approximately 12¯m in diameter, and these particles were more densely packed than those in the IP6/¢-TCP-0h cement. Furthermore, the IP6/ ¢-TCP-3h+3h cement was composed of particles with a diameter less than approximately 1¯m, and the packing of these particles was the densest among all the examined cement specimens. Figure 9 shows the relationship between the relative density and compressive strength of the cement specimens. The relative densities of typical cement specimens were as follows: 50.2% for the ¢-TCP-0h cement (P/L ratio = 1/0. Figure 9 indicates that the compressive strength tended to be enhanced with increasing relative density of the cement specimens, in other words, with prolongation of ball-milling time. The increase in the relative density is consistent with the SEM observation ( Fig. 8 ). This finding reveals that the mechanical property of the cements is more sensitive to the relative density than to the degree of chelate bonding. Barralet et al. have reported that the compressive strength of CPC is related to its relative density. 28) Troczynski has reported that the degree of packing is a useful factor in the fabrication of cement with good mechanical properties. 29) Thus, the enhancement of the strength of the present cement specimens is assumed to be realized by the high degree of packing of the individual ¢-TCP particles. Figure 10 shows the relationship between the SSA (A) and crystallite size (B) of the IP6/¢-TCP powder and the compressive strength of the obtained cement specimens. These IP6/¢-TCP cements were fabricated at the P/L ratio of 1/0.20 [g/cm 3 ] (see also Fig. 8 ). The compressive strengths was enhanced according to an increment of SSA.
Horiguchi et al. have reported that compressive strength of the IP6/HAp cement depended on the SSA and crystalinity of the starting cement powder. 23) Actually, the strength of the cement specimen was enhanced when the starting HAp powder with higher SSA and lower crystalinity was used. Figure 10 also indicates that the compressive strength of IP6/¢-TCP cement depended on the SSA and crystallite size. Therefore, as the HAp with smaller crystallite size has lower crystalinity, our result is supported by the above findings.
The IP6/¢-TCP powder with higher SSA and smaller crystallite size may have an enhanced degree of packing, together with increase of chelate-bonding sites between IP6 and calcium on the surface of TCP. Thus, the IP6/¢-TCP powder with higher SSA and smaller crystallite size may be useful in the fabrication of chelate-setting ¢-TCP cement with enhanced mechanical properties.
Conclusions
In the present study, we have developed novel bioresorbable ¢-TCP cement on the basis of the chelate-setting mechanism of IP6. The starting cement powders (IP6/¢-TCP powder) have been prepared by surface-modifying the ¢-TCP particles with IP6. When commercially-available ¢-TCP powder (¢-TCP-0h) was used as the starting cement powder, the resulting cement was composed of the ¢-TCP single phase, and the compressive strength was approximately 2 MPa.
In order to enhance the strength of the cement specimens, finely-ground ¢-TCP powders were prepared by ball-milling the commercially-available ¢-TCP powder for 4 h using zirconia beads with a diameter of 10 mm. When the finely-ground ¢-TCP powder was used for cement fabrication, the resulting cement specimen was composed of the ¢-TCP single phase, and the compressive strength increased up to 13 MPa.
Furthermore, when the commercially-available ¢-TCP powder was ball-milled for 3 h using zirconia beads of 10 mm in diameter and further ball-milled for 3 h using zirconia beads of 2 mm in diameter, the crystalline phase changed from the ¢-TCP single phase to the ¢-TCP and CDAp biphase. When this biphasic ¢-TCP/CDAp powder was used for cement fabrication, the compressive strength of the resultant biphasic cement specimen was approximately 23 MPa. This high strength of the cement specimen was assumed to be ascribed to the high degree of packing of the individual ¢-TCP particles.
In order to make the determining factors of the compressive strength clear, we examined the relationship between powder properties (particle size, SSA and crystallite size) and compressive strength. The strength of the IP6/¢-TCP cement was not dependent on the particle size of the IP6/¢-TCP powder; meanwhile, the strength increased with increasing SSA and decreasing the crystallite size. The IP6/¢-TCP powder with higher SSA and smaller crystallite size may have an increased degree of packing, together with an increase of chelate-bonding sites between IP6 and calcium on the surface of TCP. Thus, the IP6/¢-TCP powder with higher SSA and smaller crystallite size may be useful in the fabrication of chelate-setting ¢-TCP cement with enhanced mechanical properties.
From these results, we can conclude that the present chelatesetting ¢-TCP cement and also ¢-TCP/CDAp biphasic cement both containing IP6 are promising as a novel bioresorbable artificial bone graft.
Thus, we have successfully developed novel bioresorbable CPC consisting of ¢-TCP single phase and ¢-TCP/CDAp biphase on the basis of chelate-setting mechanism of IP6. To our knowledge, this paper is the first report concerning the CPC consisting of ¢-TCP single phase even after setting. The bioresorbability of these novel CPCs will be reported elsewhere. 
